Collapsin response mediator protein CRMP2 (gene: DPYSL2) is crucial for neuronal development.
Introduction
CRMP2 is an essential component of the semaphorin 3A signaling pathway and crucially involved in cell polarization and migration and thus indispensable for neuronal development and cell mobility 1, 2 . This CRMP2 pathway controls, for instance, ureteric and vascular patterning 3 , axon guidance 4 , and the migration and polarization of T-cells 5, 6 . The protein was implied in various physiological disorders, for instance a hyper phosphorylated form was found in protein deposits during Alzheimer's disease 7, 8 .
The regulation of CRMP2 and the biological effects triggered by this signaling hub are complex.
The crystal structures 9, 10 and further analyses 11 demonstrated a homotetramer as the native conformation of CRMP2. The full sequence of a human CRMP2 monomer (Q16555) consists of 572 amino acids (aa). Unfortunately, none of the two crystal structures known to us cover the full protein, but only Asp15 -Ala489 for 2GSE 9 or Ser14 -Glu490 for 2VM8 10 . The steric structure is stabilized by four bivalent ions such as Ca 2+ or Mg 2+ .
A thiol-disulfide switch 11, 12 regulates the protein. Two Cys504 residues of two monomers form an intermolecular disulfide bond 11 . Closing and opening of these bonds yield an oxidized and a reduced form of CRMP2, respectively. This dithiol-disulfide switch of CRMP2 profoundly affects its structure and function. In most cases only one of the two possible disulfide bonds in a tetrameric complex is formed.
Our previous work suggested significant conformational changes in the homo-tetrameric CRMP2 complex upon oxidation, leading to a decreased exposure of hydrophobic aa at the surface 11 . The protein is regulated not only via the redox switch [11] [12] [13] , but also by direct phosphorylation at multiple sites via protein kinases [14] [15] [16] . The Rho kinase ROCK phosphorylates CRMP2 at Thr555, cyclinedependent kinase 5 (CDK5) at Ser522. While these two steps are thought to be independent, interconversion of CRMP2 by glycogen synthase kinase 3 beta (GSK3β) at Thr509, Thr514, and Ser518 strictly requires the priming phosphorylation at Ser522 by CDK5 14, 16 . The phosphorylation of CRMP2 controls its binding to other proteins, for instance tubulin 4 , and the Cyfip1/WAVE1
(cytoplasmic FMR1-interacting protein 1/WASP family verprolin-homologous protein-1) complex 17 , a regulator of actin branching and polymerization. All of these experimentally verified phosphorylation sites are localized within the flexible C-terminus of the protein downstream of the Cys504 redox switch.
According to Majava et al. and Stenmark et al., the CRMP2 homotetramer has to be stabilized by four bivalent ions such as Ca 2+ or Mg 2+ , which are integrated into the molecular structure, and the removal of these ions will induce denaturation 9, 10 .
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Additionally, the bivalent ions attach to the charged surface side chains, resulting in shifts in the electrostatic surface potentials and an increase of the surface areas around the C-termini. Under the conditions of the work of Majava et al., ionic concentrations around 20 mM had a stabilizing effect, whereas 200 mM or higher again resulted in protein unfolding 10 .
In this study, we modelled and compared the completely oxidized and reduced states of CRMP2 and analyzed the changes in the secondary structure, the solvent accessible surface area (SASA) and the composition of defined aa properties at the surface. By tryptophan fluorescence, the transition between oxidized and reduced states of CRMP2 was probed. We further studied the stability of CRMP2 in ionic environments and the location of the bivalent ions on specific amino acids.
Results
We hypothesized that CRMP2s regulation by oxidation and reduction leads to profound structural and conformational changes. These changes were investigated by analyses of CRMP2 in silico and in vitro using a variety of experimental methods and force field molecular dynamics.
Secondary structure and conformational changes between reduced and oxidized CRMP2 assayed by MD simulations and CD
spectroscopy
The steric structure of CRMP2 was analyzed using three methods. Results from CD spectroscopy Both experimental crystal structures of CRMP2, 2VM8 10 and 2GSE 9 are rather similar with 56.5 % helical structure (α-helices and turns) as largest structured part ( Table 1) . The MD calculations are based on these X-ray data, and yield a major extent of helical structure elements.
Helices and turns are very similar, and it is not possible to distinguish between them in CD spectra. The total contribution of these two motifs increases from 57 % to 62 % upon reduction. Similarly to CD, the simulation qualitatively also yields an enhancement of helical structures in the reduced conformation of the protein, but the effect is rather small, increasing from 57.6 % to about 58.5 %. 
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The β-sheets contribute 23 % to the crystal structure, which decreases to a constant value of 20 % in the MD simulations in solution. CD spectroscopy revealed even lower values of only 10-13 % and significant parts of the structure are assigned to coil (28 %). In silico, about 20 % are random coil, and a small shift from this disordered to a helical structure is observed when switching from the oxidized to the reduced protein conformation.
The comparison between crystal, in silico, and the data from CD spectroscopy suggests that the Cterminus, which is missing in the crystal structure, mainly adds helical elements to the in silico and in vitro protein. Remaining amino acids are unstructured or helical, resulting in a decrease of the relative amount of β-sheet and an increase of the helical proportion. No correlation was detected between secondary structure and ionic concentrations in the MD.
Exposure of surfaces to solvent
The traces for the SASA in 
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We consider the amino acids Ala, Ile, Leu, Met, Phe, Pro, Trp, Val as hydrophobic and evaluate the ratio of their solvent exposed area to the total SASA. During reduction and with enhanced the ion concentration from 0 to 200 mM, this ratio increased by less than 1 % ( Table 1) .
SASA of the CRMP2 phosphorylation sites Thr509, Thr514, Ser517,
Ser518 and Ser522
In a previous study, we used HeLa cells expressing Grx2c, which leads to the complete reduction of an increased CRMP2 phosphorylation at Thr509, Thr514, and Ser518 was described. These three residues are the target sites for phosphorylation by the kinase GSK3β. For a side chain, which may be phosphorylated in vivo, the simulation should yield a structure, in which the hydroxyl group is well accessible. Ser517 has a significantly higher SASA than the other four amino acids. Four of the hydroxyl groups do not show a significant response to reduction and protein relaxation. However the SASA of Ser518 It may depend on the structure of the respective enzyme, if phosphorylation of serine affords solvent exposure of its hydroxyl group only, or of the full side chain. The inspection of the SASA for the full amino acids shows that Ser522 seems to be buried in all systems and is less exposed to the solvent than the other four amino acids. We speculate that this is consistent with the previously described observation that Ser522 is phosphorylated by another kinase, CDK5, than the other residues 14, 16 .
Oxidation of CRMP2 by H 2 O 2 in vitro and Quenching of Tryptophan Fluorescence
The Trp295 is part of the rigid body of CRMP2, but is located in close proximity to the flexible C- (1)
The smooth particle-mesh Ewald method (PME) in VMD yielded a grid for the electrostatic potential It may be possible that the degradation of the samples at low ion concentrations in this experiment are not due to spontaneous denaturation of single homotetramers but due to their aggregation, which was beyond the scope of the MD simulation. Onset of protein denaturation should be indicated in the simulations by an increase of the hydrophobic area exposed to the solvent (Table 1) . Thus was less than 1 %, and did not suggest the induction of CRMP2s denaturation.
Ion-interactions and Influences of divalent cations on the thermal stability of CRMP2

Cation distribution on CRMP2
For each of the bivalent ions Ca 2+ and Mg 2+ we distinguish two layers around CRMP2 (Figure 6.A) . At lower concentrations one very well defined shell is found, which contains ions interacting directly with the amino acid side chains and probably may be assigned as rigid Helmholtz plane. The second layer is much less occupied and has a broader distance distribution than the first one, possibly being more flexible. Mg 2+ has a smaller ion radius than Ca 2+ and has a shorter distance to the amino acids.
In the frame of the force field model, the bivalent ions interact mainly with the negative oxygen atoms on the protein surface. The predominant interaction centers are the deprotonated carboxyl groups of Asp and Glu (Figure 6 .B, C). Especially at low ion concentrations, Ca 2+ ions also attach to the oxygen atom in the Gln side chain. In the data for the first two shells, some ions are found close to amino acids which do not contain negative centers in the side chains such as Arg, Ile, Leu, Pro and Thr. 
Discussion
Secondary structure
The structure of CRMP2 used in this work is based on X-ray data. However they do not cover the chemical most important part of the protein, the C-terminus containing the regulatory phosphorylation sites and the disulfide forming cysteine residues. The C-terminus revealed to be very flexible and probably could not attain an ordered structure in the crystal. On the other hand, the regulatory sites must show high flexibility for structural rearrangements. We assembled a structure using molecular dynamics, which is consistent with experimental data and permitted further analysis of the protein.
SASA data show that the fluctuation (also described as breathing) of the protein surface as well as the radius of gyration is mainly due to the flexible C-terminus rather than to the rigid body.
Tryptophan fluorescence
However, also parts other than the C-termini are affected by the structural rearrangement of the 
Ionic environment
Our results demonstrated a more distinct response of CRMP2 to the bivalent Mg 2+ Our in vitro studies do not confirm these effects on CRMP2s structure, e.g. the postulated beginning of denaturation 10 . We saw a fast precipitation at lower ion concentrations up to 20 mM and, on the contrary, stabilizing effects at 200 mM. We propose is that the adsorption of these ions to the protein results in a positive zeta-potential, which is only high enough to stop aggregation at high ion concentrations in the solution.
Mechanism
The molecular modeling of the CRMP2 thiol switch through our MD simulations suggested profound While the hydroxyl group of Ser522 did not show significant differences, the hydroxyl group of Ser518 was significantly more surface exposed Seite 18 von 21 in the reduced conformations compared to the oxidized conformations. We thus propose that the phosphorylation of Ser522 by the priming kinase CDK5 8 may be independent of the redox state of CRMP2 (Figure 8) . However, the subsequent phosphorylation steps by GSK3β 8 may require the protein to be in the reduce form, to allow phosphorylation of Ser518 followed by the other neighboring residues. Hence, the results presented here suggest a complex cross talk between the thiol switch and interconversion by phosphorylation in the semaphorin 3A signaling pathway. 
